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Abstract. A new model for inflation using modified gravity in the Palatini formalism is
constructed. Here non-minimal coupling of scalar field h with the curvature R as a general
function f(R, h) is considered. Explicit inflation models for some choices of f(R, h) are
developed. By writing an equivalent scalar-tensor action for this model and going over to
Einstein frame, slow roll parameters are constructed. There exists a large parameter space
which satisfies values of ns and limits on r compatible with planck 2018 data.
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1 Introduction
There are mainly two formulations in General Relativity (GR) popularly known as Palatini
and Metric formalisms. Palatini formalism or first order formalism treats space time connec-
tions as independent variable[1–9], whereas in Metric formalism, these connections are not
independent but derived from metric itself. But in GR these two approaches produce same
Einstein equation. Hence dynamics are equivalent in both formalisms. This is not true for
modified gravity models and models where fields are nonminimally coupled to gravity. In
these cases both formalisms represent different physical situations [1–3].
Inflation [10–16] was first developed in the early 1980s to solve problems of standard
Big Bang theory like horizon problem, fine-tuning problem etc. Quantum fluctuations also
started during period of inflation which led to the cosmic microwave background(CMB)
anisotropy and provided the seed for the formation of large scale structure of the universe. A
more popular model for inflation is the Starobinsky model which is a pure gravity theory with
an additional R2 term in the Einstein-Hilbert action. An equivalent scalar tensor theory of
Starobinsky model has an additional scalar degree of freedom apart from two tensor degrees
of freedom of Einstein-Hilbert action[17–19]. In Einstein frame, this theory is equivalent to
usual scalar field model with a potential suitable for a valid inflation model which satisfies
all the constraints from CMB data.
In a broad sense, the Starobinsky model falls under a general framework of f(R) gravity.
The above analysis works best in metric formulation of gravity. However, in the Palatini
formalism, no additional propagating degrees of freedom appears in f(R) gravity theory [3].
Because of this no inflation is possible in this scenario. Hence a scalar field needs to be
added to this action to develop an Inflation model in Palatini formulation of gravity. In
this line, first work appeared in [20] where nonminimal couplings of scalars are considered.
Since then many works related to different inflationary potentials, preheating, reheating,
postinflatoinary phases, dark matter has been done with many variants of action including a
R2 term [21–63]. For an introduction to Palatini inflation models refer to [64] and references
therein.
In this work, we formulate a palatini inflation model in f(R, h) theory. In metric
formalism inflation model in f(R, h) gravity has been considered earlier in literature[65–67].
Our action is of the form similar to form obtained in [65]. But our approach here is to develop
a model of inflation in palatini formalism. We show that such an action provide a favorable
inflationary scenario satisfying Planck 2018 data[68].
This paper is organised as follows. In the next section, we introduce the action of our
model. Then we express it in terms of equivalent scalar tensor action in Einstein frame. In
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section 3, slow roll parameters are defined. Values of ns and r are also calculated numerically
and the results are presented. In section 4, we summarize our results.
2 The Model
We start with a general action of the form-
S =
∫
d4x
√−g
[
1
2
f(R, h)− 1
2
gµν∂µh∂νh− V (h)
]
(2.1)
where gαβ is the metric, g is its determinent, f(R, h) = G(h)(R+αR
2), R is the Ricci scalar
defined as R = gαβRγαγβ(Γ, ∂Γ) in Palatini formalism and α is a constant. Here we have
chosen Planck mass to be unity. An equivalent action in terms of an auxiliary field φ can be
written as-
S =
∫
d4x
√−g
[
1
2
f(φ, h) +
1
2
f ′(φ, h)(R− φ) − 1
2
gµν∂µh∂νh− V (h)
]
(2.2)
where f ′(φ, h) = ∂f(φ,h)∂φ . Varying S with respect to φ in equation (2.2), we get φ = R if
∂2f(φ,h)
∂φ2
6= 0 and using this result in equation (2.2), we recover equation (2.1). Rearranging
equation (2.2), action becomes
S =
∫
d4x
√−g
[
1
2
f ′(φ, h)R−W (φ, h)− 1
2
gµν∂µh∂νh− V (h)
]
(2.3)
where W (φ, h) = 12φf
′(φ, h)− 12f(φ, h). By making a conformal transformation-
gµν → f ′(φ, h)gµν , (2.4)
action is obtained in Einstein frame as-
S =
∫
d4x
√−g
[
1
2
R− 1
2
∂µh∂
µh
f ′(φ, h)
− W (φ, h) + V (h)
f ′(φ, h)2
]
(2.5)
Let us define a new potential Vˆ (φ, h) as-
Vˆ (φ, h) ≡ W (φ, h) + V (h)
f ′(φ, h)2
. (2.6)
Now for our choice of f(R, h) = G(h)(R+ αR2)[65], the new potential can be written as-
Vˆ (φ, h) =
1
f ′(φ, h)2
[
1
8αG(h)
[f ′(φ, h)−G(h)]2 + V (h)
]
. (2.7)
Varying (2.5) with respect to φ, we get the constraint equation-
f ′(φ, h) =
8αV (h) +G(h)
1− 2α∂µh∂µh . (2.8)
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Inserting (2.8) to equation (2.7), we can eliminate φ. Then again inserting (2.7) to (2.5) and
rearranging and simplifying, we get-
S =
∫
d4x
√−g
[
1
2
R− 1
2
1
(8αV +G)
∂µh∂µh+
α
2
1
(8αV +G)
(∂µh∂µh)
2 − V
G(8αV +G)
]
(2.9)
Now the last term can be defined as effective potential in the Einstein frame-
U ≡ V
G(8αV +G)
(2.10)
In order to bring kinetic part of scalar field into that of canonical form, we introduce a new
field χ as-
dh
dχ
= ±
√
(8αV +G) (2.11)
In terms of χ, equation (2.9) becomes-
S =
∫
d4x
√−g
[
1
2
R− 1
2
∂µχ∂µχ+
α
2
(8αV +G)(∂µχ∂µχ)
2 − U
]
(2.12)
Now we are ready to build up our inflation model, with this action. Next we define
the slow roll parameters to estimate the observables which will decide the fate of our model.
Here we have neglected contribution due to third term of the action to the inflation phase.
This is a valid assumption so far as the slow roll inflation is concerned (see [64] and references
therein). In this case then it’s model of inflation driven by a scalar field with potential U 1.
3 Slow roll parameters and Results
Before analysing dynamics of our model we define slow roll parameters (mainly  and η)
which are helpful to decide whether a model can describe inflation or not. They can be
written as-
 =
1
2
(
dU
dχ
U
)2
η =
d2U
dχ2
U
(3.1)
The slow roll parameters  and η must be  1 during inflation phase of expansion. For the
potential in equation (2.10), slow roll parameters become
1Background evolution of χ field for a flat FRW metric with scale factor a and hubble parameter H = a˙
a
is-
a2χ¨+ 2a3Hχ˙+ 12aHf(χ) (χ˙)2 + 3
df(χ)
dχ
(χ˙)4 + a4U ′ = 0 (2.13)
where f(χ) = α
2
(8αV +G) and ˙ and ′ represent derivatives with respect to conformal time and χ respectively.
Under slow-roll approximation, terms proportional to χ˙2 and χ˙4 can be neglected and equation (2.13) reduces
to usual FRW equations for minimally coupled field.
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 =
G¯
(8αV +G)
[
1−
(
8α V
G2
G′
V ′
V − 2G
′
G
)]2
η = η¯
G
8αV +G
−
[
(−256α2V 3G′2 + 8αGV 2(−11G′2 + 8αG′V ′ + 16αV G′′)
+2G2V (8αG′V ′ + 24αV G′′) +G3(24αV ′2 − 16αV V ′′))/(2G2V (8αV +G))
]
(3.2)
where ¯ and η¯ are slow roll parameters for α = 0 and ′ represents derivative with respect to
h. Number of e-folds, N can be written as ( for unit planck mass)-
N = −
∫ hf
hi
dh
1√
2(h)(8αV +G)
(3.3)
Inflation ends when  ' 1 and this in turn determines the value of hf . Putting the value
of hf and N (taken in between 60 and 70) in (3.3) , value of hi can be obtained. Putting
this value to equations (3.1) and (3.2), value of  and η can be obtained respectively. Scalar
spectral index and tensor-to-scalar ratio can then be calculated from the following equations-
r = 16
ns = 1 + 2η − 6 (3.4)
Now we estimate r and ns for various cases. Here we restrict our analysis only for quadratic
and quartic potentials. We choose two values of G = γh2 and G = 1 + γh2 and γ is a
dimensionless constant.
Case 1 : V = βh2 and G = γh2
For this case
 = 2(8αβ + γ)
η = 4(8αβ + γ) (3.5)
As neither  nor η depend on h, so it will lead to constant r and ns for a particular choice
of α, β and γ. In this case then it would be difficult to end the inflation and to decide the
value of hf . Therefore we will not discuss this case further here.
Case 2 : V = βh4 and G = γh2
In this case,  and η depend only on h and γ for a particular value of N . The parameters
α and β fixes the value of the field χ or h. In fig. 1, potential U vs χ is plotted. In fig. 2
the relation between h vs χ is plotted. The value of χ changes discontinuously as h changes
from negative to positive value. Here positive sign is taken in equation (2.11). Instead if
negative sign is taken, all values of χ’s will be negative. However, discontinuty of χ is there
for both positive and negative sign. For fig. 1 and fig. 2, the value of parameters α = 0.5,
β = 14 × 10−4 and γ = 0.02 is chosen. For this particular set, the numerically estimated
value of ns and r are 0.967 and 0.023 respectively(we take N = 60 here). Also the result for
spectral index and tensor to scalar ratio is shown in fig. 3. Here γ is changing and α = 5,
β = 14 × 10−4 and negative sign is considered in equation (2.11). It clearly shows that there
can be large parameter space available which can satisfy Planck constraints.
– 4 –
Figure 1. Potential as a function of canonical
scalar field
Figure 2. Plot of χ(h)
Figure 3. Plot of r vs ns for changing γ
Case 3 : V = βh4 and G = 1 + γh2
For case 3 and case 4, G(h) is taken as G = 1 + γh2. This makes the Lagrangian in (2.1)
equivalent to the form 12(R + αR
2) + 12γh
2(R + αR) plus usual scalar field term. Similar to
case 2, the graphs of U vs χ and h vs χ are shown in fig 4 and fig. 5 respectively. Unlike to
the previous case, here χ(h) is continuous for all range of h. For fig 4 and fig 5, the value of
parameters are α = 10−4, β = 10−4 and γ = 0.03. For this particular value of parameters,
we obtain ns = 0.966 and r = 0.017. The potential in equation (2.10) takes the form-
U =
βh4
(1 + γh2)(8αβh4 + 1 + γh2)
(3.6)
Dividing both numerator and denominator by h6, we get -
U =
β 1
h2
( 1
h2
+ γ)(8αβ + 1
h4
+ γ 1
h2
)
(3.7)
We can clearly observe that U → 0 as h → ∞ . Hence this potential will not give rise to
plateau unlike the results for Lagrangian where h is coupled only with R [38–40, 45, 49, 69].
The results for ns and r are shown in fig. 6, 7 and 8. In fig. 6, β = 10
−4, γ = 10−2 and α is
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changing. In fig. 7, α = 10−4, γ = 10−2 and β is changing. And in fig. 8, α = 10−3, β = 10−4
and γ is changing. Here we consider positive sign in equation (2.11). Note that both 6 and
7 look same. This happens because in the expression of r and ns, α and β always appear in
pairs i.e. in the form of (αβ) or (αβ)2. Similar to case 2, here also a large parameter space
available which satisfies Planck constraints on r and ns. It is observed from 8 that we can
tune parameters of our model to obtain a very small value for r.
Figure 4. Potential as a function of canonical
scalar field
Figure 5. Plot of χ(h)
Figure 6. Plot of r vs ns for changing α Figure 7. Plot of r vs ns for changing β
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Figure 8. Plot of r vs ns for changing γ
Case 4 : V = βh2 and G = 1 + γh2
Analogous to case 3, potential graph and h vs χ are shown in fig 9 and fig 10 for α = 0.1,
β = 0.01 and γ = 10−4 which give ns = 0.965 and r = 0.04. Here, potential in equation
(2.10) becomes -
U =
βh2
(1 + γh2)(8αβh2 + 1 + γh2)
(3.8)
As h → ∞, U → 0. So again no plateau in the potential. The ns and r graphs are plotted
in fig. 11, 12 and 13. In fig. 11 β = 0.01, γ = 0.001 and α is changing. In fig. 12 α = 10−2,
γ = 10−3 and β is varying. In fig. 13 α = 10−3, β = 0.01 and γ is varying. Here we consider
positive sign in equation (2.11). In this case as well, we find a large parameter space available
which is compatible with Planck 2018 data.
Figure 9. Potential as a function of canonical
scalar field
Figure 10. Plot of χ(h)
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Figure 11. Plot of r vs ns for changing α Figure 12. Plot of r vs ns for changing β
Figure 13. Plot of r vs ns for changing γ
4 Conclusion
Inflation models are constructed in a modifed gravity theory in Palatini formalism. Here
our modified action contains a general non-minimal coupling of scalar field with R and R2
term separately. Unlike metric formalism, Palatini formalism does not introduce a new scalar
degree of freedom in our theory. It turns out that R2 term in the action can be translated to
a higher order kinetic term and a new potential term for scalar field in an equivalent scalar
tensor set-up in Einstein frame. However, in slow roll inflation setting we can safely neglect
the effect of higher order kinetic term in the action. The modified potential is responsible for
the inflation. In this equivalent scalar tensor theory, we calculate scalar spectral index(ns)
and tensor to scalar ratio(r) for four different cases depending on the form of nonminimal
coupling and potential of scalar field. We have varied three unknown parameters of our
theory to extract the information about ns and r. It is observed that in most of the cases we
have a large parameter space which can match with the results of Planck 2018 constraints on
ns and r. Palatini formalism in modified gravity theories may provide a large class of models
– 8 –
for Inflation satisfying CMB data. It would be interesting to look at reheating in such a
scenario. Also a more general action with nonminimal coupling of scalar field can be studied
to explore the cosmology of very early universe. A dark energy picture of these models is
worth investing in future.
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